Based on fully microscopic kinetic spin Bloch equation approach, we show the non-Markovian effect in spin dephasing of heavy holes in p-type GaAs quantum wells. The non-Markovian effect manifests itself in spin dephasing when the mean spin precession time is shorter than the momentum relaxation time. The spin dephasing becomes slower when the non-Markovian effect is important. Moreover, quantum spin beats due to the memory effect of the non-Markovian hole-longitudinal optical phonon scattering are predicted.
Recently an extensive investigation has been performed based on kinetic spin Bloch equations (KSBEs) 6 to understand the spin relaxation/dephasing in zinc-blende semiconductors. 7, 8, 9, 10, 11 In these works, together with earlier studies, 5 the kinetics was treated in Markovian limit. The Markovian limit is a good approximation in the strong scattering limit where the spin precession time Ω −1 is long compared to the momentum relaxation time τ p , i.e., Ω −1 ≫ τ p , which is mostly the case for n-type GaAs quantum wells (QWs) 9 unless at very low temperature. 12 However, for hole systems (especially heavy hole systems) the situation changes a lot due to the strong spin-orbit coupling strength. Here the mean spin precession time becomes comparable with the momentum relaxation time, i.e., Ω −1 τ p . Then Markovian approximation is not appropriate any more. In this work we are going to extend our previous kinetic spin Bloch equation approach 6 to the non-Markovian limit to investigate the spin dephasing of heavy holes in p-type GaAs QWs. In non-Markovian kinetics, the energy conservation of the scattering is lifted and there is memory effect due to the history dependence of scattering. In fact, the non-Markovian effect has been extensively explored in the ultrashort-pulse spectroscopy in semiconductor optics. 13, 14 Recently it has been explored in quantum dot system for spin dephasing induced by hyperfine interaction. 15 Glazov and Sherman also investigated the electron spin relaxation in QWs with strong magnetic field by Monte Carlo simulation. 16 We start our investigation from a p-type GaAs (100) QW with well width a being small enough so that the heavy-hole and the light-hole bands can be treated separately. 11, 17, 18 We only consider the heavy hole in this report. Moreover, only the lowest subband is considered. The KSBEs constructed by the nonequilibrium Green function method read
in which ρ k represent the density matrices of heavy hole with momentum k. The diagonal terms ρ k,σσ ≡ f kσ (σ = ±3/2) represent the hole distribution functions and the off-diagonal ones ρ k,
describe the inter-spin-band correlations for the spin coherence. The coherent termsρ k | coh describe the coherent spin precessions around the effective magnetic field from the Rashba terms Ω(k) and its expressions can be found in Ref. 11 . In the present report, we only consider the heavy holelongitudinal optical (LO) phonon scattering inρ k | scat which is written in the non-Markovian limit
with
Here ρ
Bose distribution of the LO phonons with frequency ω 0 at temperature
* is the energy of hole with wave vector k and effective mass m * . g k−k ′ ,qz is the hole-phonon interaction matrix element.
11
It is noted that the KSBEs in non-Markovian limit are integro-differential equations. The integral terms in
indicate the history dependence of scattering processes which lead to the memory effect, with respect to that all the density matrices enter only at the earlier time τ . However, if ρ k change slowly on the time scale of collision, one can disregard the retardation and pull the distributions out of the time integral. In this completedcollision approximation, one can simply get in the scattering term δ-functions denoting energy-conservation. In this way one comes to the Markovian limit, with memory effect lifted. For comparison, the KSBEs will be solved in both Markovian and non-Markovian limits.
The integro-differential KSBEs in non-Markovian limit can be transformed into a larger set of differential equations by factorizing the integral terms and making time derivative actions on them.
19 Finally the group of equations to be solved numerically are written into
Once the KSBEs are solved numerically, the temporal evolution of the hole distribution f k± 3 2
(t) and the spin coherence ρ k (t) are obtained. As discussed in the previous papers, 7, 8, 19, 20 the spin dephasing can be obtained from the slope of the envelop of the incoherently summed spin coherence ρ HH (t) = k |ρ k In Fig. 1 the time evolutions of the incoherently summed spin coherence in both the Markovian and nonMarkovian limits are plotted. One can see that the spin dephasing is slower in the non-Markovian limit than the Markovian one. This is in agreement with the result of Glazov and Sherman 16 and can be interpreted as the influence of the memory effect-in non-Markovian kinetics, the spin coherence of heavy holes can be partially kept due to uncompleted hole-LO phonon scattering processes. It is interesting to note that there are quantum spin beats superimposed in the decaying signal in the non-Markovian spin kinetics with the beat period being the period of the LO phonon (2πω −1 0 ≈ 0.115 ps). This fascinating phenomenon is deemed as the characteristic feature of the non-Markovian effect, similar to the quantum beats in the ultrafast four-wave mixing signals in GaAs. 13, 14 The beating is caused by the transfer of spin coherence of holes between uncompleted scattering-when a phonon is partially emitted, it can be absorbed back by the hole system without losing coherence. One can realize that this can not happen in the Markovian kinetics, where all the scattering processes are instantaneous and complete without feeding back. In order to gain more insight into the condition for nonMarkovian effect, we repeat the calculations with different mean spin precession times. To do this, we introduce a scaling parameter χ in the Rashba term, i.e., χΩ k . Experimentally the value of the Rashba coefficient can be tuned by bias voltage. 22, 23 The results are plotted in Fig. 2 . It is shown from the figure that the smaller the mean precession time Ω −1 ≡ 2π χΩ k −1 is, the more pronounced the non-Markovian effect becomes. Here
When χ = 0.2 for which Ω −1 is much longer than the momentum relaxation time τ p , 24 the non-Markovian curve approaches the Markovian one (Ω −1 is about 0.232 ps when χ = 1 and τ p is about 0.121 ps). This suggests that when Ω −1 ≫ τ p , the Markovian approximation is a good approximation, as expected. However, when Ω −1 decreases, the non-Markovian curves deviate from the Markovian ones and become more pronounced for smaller Ω −1 , indicating stronger non-Markovian effect. Moreover, it is noted from the figure that strong quantum spin beats appear when the mean spin precession time is comparable with the momentum relaxation time. When the mean spin precession time is too short, i.e., the inhomogeneous broadening 6 is too strong, the quantum spin beats are smeared out as shown in Fig. 2 (a) when χ = 5.
In conclusion, we investigate the non-Markovian spin kinetics of heavy holes in p-type GaAs QWs. The result is compared with the Markovian spin kinetics. We show that the non-Markovian effect-slower spin dephasing appears when the inhomogeneous broadening is strong (i.e., the mean spin precession time is shorter than the momentum relaxation time). We further predict quantum spin beats due to the memory effect of the nonMarkovian hole-LO phonon scattering in the spin signals. Strong quantum beats appear when the mean spin precession time is comparable to the momentum relaxation time.
